ABSTRACT Two experiments were conducted to compare a sample of calcium citrate-malate (CC-M) with a sample of commercial-grade limestone in starting broiler chick diets. In the first experiment, with 0.7 or 0.9% calcium from limestone or CC-M, no differences in bone development (dry fat-free tibia, tibia weight, tibia ash, or tibia calcium) were observed due to calcium source. However, chicks fed the diets based on CC-M had better 0-to 18-d body weight gains and feed conversion ratios than those fed limestone. In the second experiment with 0.50, 0.55, 0.60, 0.65, or 0.70% calcium from limestone or CC-M, chicks again had better body weight gains when
INTRODUCTION
Recent reports have shown that calcium citrate-malate (CC-M), a compound used to fortify food with calcium for human consumption, is 10 times more soluble than calcium citrate, which is more soluble than calcium carbonate (Andon et al., 1996; Heaney et al., 1990; Smith et al., 1987) . Results from studies with humans also demonstrate that calcium absorption and retention from CC-M-fortified food is significantly greater than food fortified with calcium carbonate (Andon et al., 1996; Miller et al., 1988) . In animal studies, trabecular bone was significantly affected by calcium source and level (Kochanowski, 1990 ). Rats fed CC-M had 23 to 25% more trabecular bone than those rats fed calcium carbonate at 4 wk, and by 12 wk the difference increased to 44%. Based on these results, it is concluded that calcium in CC-M is more bioavailable than calcium from calcium carbonate. Because of these differences in mammalian species, it is 2002 Poultry Science Association Inc. Received for publication September 14, 2001 . Accepted for publication February 6, 2002. 1 Supported by state and Hatch funds allocated to the Georgia Agricultural Experiment Stations of The University of Georgia and the U.S. Poultry and Egg Association. To whom correspondence should be addressed: gpesti@arches. uga.edu.
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fed CC-M compared to those fed limestone. Chicks fed diets based on CC-M and NaP 2 PO 4 had very similar bone development and tibial dyschondroplasia pathology to those fed limestone and Na 2 H 2 PO 4 . However, a control group of chicks fed 0.70% calcium from limestone and dicalcium phosphate did not grow as well as the others and had lower weights of tibia and tibial bone ash, calcium, and phosphorus compared to the others. It is concluded that CC-M is a good calcium source, comparable in bioavailability to limestone. Although CC-M may improve broiler growth, its action is not through increased bioavailability of calcium.
of interest to evaluate CC-M as a source of calcium in poultry diets, especially in early chick development.
In growing chicks, tibial dyschondroplasia (TD) is a major skeletal problem and is associated with calcium and phosphorus deficiency and imbalance. The TD lesion is characterized by a mass of white, opaque, unmineralized, unvascularized cartilage and is found predominantly in the proximal metaphysis of the tibiotarsus. The lesion is a result of the failure of the prehypertropic cartilage cells to undergo normal maturation and vascularization (Riddell, 1975; Poulos et al., 1978; McCaskey et al., 1982) . Birds afflicted with severe cases of TD generally have bowed legs. They sit on their hocks and are reluctant to move. Birds with TD spend a significant portion of their time on their breasts, resulting in a higher incidence of breast blisters. In most instances, only a very small percentage of the birds affected by TD show clinical symptoms. Both clinical and subclinical cases can result in economic loss due to trimming and down-grading of carcasses (Burton et al., 1981) .
Studies have shown that the expression of TD was influenced by genetics (Leach and Nesheim, 1965; Riddell, 1976; Sheridan et al., 1978) . These researchers were able to produce, by genetic selection, lines of chickens with high (80%) and low (2%) incidence of TD. These lines were used to study the relationship between calcium and phosphorus and this disease. It was also shown that male chicks were more susceptible to the development of TD (Riddell, 1976; Edwards, 1984) . In a study by Leach and Nesheim (1965) , it was concluded that calcium and phosphorus had no influence on the etiology of TD. However, Edwards and Veltmann (1983) reported that TD could be induced by diets with a low calcium:phoshorus ratio regardless of the calcium levels. Chicks fed diets of 1.1% calcium and total phosphorus of 0.53% did not exhibit TD, but a 37% incidence was found in birds fed 0.70% calcium and 1.01% phosphorus. These results were later confirmed in studies by several researchers (Lilburn et al., 1983; Edwards, 1984; Hulan et al., 1985; Kling, 1985; Riddell and Pass, 1987; Lilburn et al., 1989) and clearly demonstrate that calcium is important in the prevention of TD. However, the availability of dietary calcium to chicks for proper bone development and prevention of TD are affected by several factors including age, strain, calcium source, 1, 25-dihydroxycholecalciferol level in the gut, and ultraviolet irradiation (Edwards 1992; Cook et al., 1994; Leach and Twal, 1994; Lilburn, 1994) .
The objectives of the experiments reported here were to compare a sample of commercial grade limestone with CC-M for growth, feed utilization, bone composition, and the development of TD in young broiler chicks. The diets in Experiment 1 were formulated with corn and soybean meal. In Experiment 2, 10% poultry byproduct meal was included in the diets so that higher proportions of total calcium would come from CC-M or limestone. The control diets in Experiment 2 were based only on corn and soybean meal (no poultry by-product meal) as in Experiment 1.
MATERIALS AND METHODS

General Procedures
The CC-M 4 contained 21.5% calcium. In both experiments, eggs from two strains of broiler breeders were obtained from a commercial breeder farm and incubated locally. At hatch, chicks were vent sexed, tagged, and placed in electrically heated Petersime wire-floored battery brooders with eight birds per replicate cage. The chicks were raised with continuous fluorescent lighting (24 h/d). Feed and water were provided ad libitum throughout the 18-d experiment.
Body weights and residual feed were measured at 18 d, and feed conversion ratio was calculated. On Day 18, blood samples from three randomly chosen chicks per pen were drawn via cardiac puncture and centrifuged, and plasma was removed and stored at −20 C for calcium and phosphorus analysis. All chicks were then killed by asphyxiation with carbon dioxide and inspected for the presence and severity of TD (Edwards and Veltmann, 1983) . The left tibia was removed and stored at −20 C for the determination of tibia fat-free dry weight, tibia ash, calcium, and phosphorus analyses. Tibia fat-free dry weight and tibia ash were determined by the AOAC method (1990). Calcium and Phosphorus of both plasma and bone ash were measured by flame atomic absorption using a Perkin Elmer 5000 atomic absorption spectroscope.
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Experiment 1
The female chicks of two strains were used in this experiment. The eggs for one strain were from Arbor Acres "High Yield" males mated to Arbor Acres "High Yield" females and eggs for the other strain were from Peterson × "Classic" Arbor Acres cross. Five pens of each strain were randomly assigned to each of four dietary treatments. CC-M or limestone 6 was added to a corn and soybean meal basal diet formulated to provide 0.7% calcium (Table 1) . To obtain dietary calcium of 0.90%, additional CC-M and limestone 3 were added to their basal diets, respectively. Dicalcium phosphate 7 was the supplemental phosphorus source and it provided 34.5% of the dietary calcium in the basal diets.
Experiment 2
In Experiment 2, one strain of birds was from Arbor Acres "High Yield" males mated to Arbor Acres "High Yield" females and the other strain was from a "High Yield" Arbor Acres male × "Classic" Arbor Acres female cross. Male chicks were used to evaluate the diets in this experiment. Corn and soybean meal rations, similar to those of the first experiment were formulated and fed to chicks for 18 d. In this experiment, the two control diets had calcium levels of 0.70% provided by CC-M or limestone with dicalcium phosphate 8 as the phosphorus source. The amount of dietary calcium provided by CC-M and limestone in the experimental diets was increased by using sodium diphosphate as the phosphate source. CC-M or limestone was used to formulate experimental diets with calcium levels at 0.50, 0.55, 0.60, 0.65, and 0.70% of diet (Table 2 ). This design resulted in 12 dietary treatments: two control diets and 10 experimental diets. Each diet was assigned to four pens, two of each strain cross, creating a total of 48 pens.
Statistical Analyses
The experimental unit was the pen mean. Bioavailability of the calcium from the calcium sources in Experiment 2 was calculated by using the slope-ratio methodology of Finney (1978) . All data were analyzed within experiments by two-way analysis of variance with the general linear models procedure of SAS software (SAS, 1985) . When appropriate, mean differences were sepa- rated by Duncan's new multiple-range test. Unless otherwise stated, statements of significance are based on P < 0.05. In both experiments, there were no significant differences between the broiler strains in response to dietary treatments, thus the data were pooled by strain.
RESULTS AND DISCUSSION
Broilers fed CC-M grew better than those fed limestone in both experiments (Tables 3 and 4) . Feed intake was not affected in either experiment. Feed conversion ratio differences were detected (at P ≤ 0.05) only in Experiment 1 and then only at the highest calcium level (which was not repeated in Experiment 2).
Two interesting interactions were observed in Experiment 1 (Table 5) . Birds fed CC-M compared to limestone had more plasma calcium when fed 0.9% calcium but less when fed 0.7% calcium. Conversely, tibia weight was higher in birds fed CC-M at 0.7% calcium but low when fed CC-M at 0.9% calcium. The tibia weight results were not consistent in Experiment 2 when lower calcium levels were fed and no significant interaction was detected (Table 6 ; P = 0.73).
Bone ash was the most sensitive indicator of calcium level in Experiment 2, with a significant effect of Ca level on bone ash (Table 6 ; P ≤ 0.047). Significant differences in tibia weight were mainly due to the small tibia from the chicks fed the limestone and dicalcium phosphate control diet. The diets based on limestone were expected to result in some TD incidence and severity (average score and scores of 3), especially at the lower calcium levels. There was a trend toward TD incidence and severity reductions by increasing dietary calcium from limestone but not from CC-M. The overall result was no significant main effects or interactions.
When the slope-ratio analysis of Finney (1978) was applied to the data, there were no significant slope differences found (Table 7) . Therefore, the bioavailabilities of the samples of CC-M and limestone tested here can be assumed to be the same.
These results demonstrate that CC-M is a good source of calcium for broiler chicks. The reasons for the improvement in growth rate of CC-M fed chicks are not clear. The citrate-malate conjugate is two carbon chain moieties that are substrates in the citric acid cycle of the energy production system. The citrate-malate conjugate may be absorbed and used as an energy source to promote broiler growth. We did not include an energy value for the CC-M in balancing the diets. The increases in growth due to CC-M seem large for a small difference in the energy level of the diets due to calcium source but may be related to some specific action of the citratemalate conjugate on nutrient absorption or energy metabolism.
In Experiment 2, diets formulated with CC-M as the calcium supplement and dicalcium phosphate as the available phosphorus source resulted in heavier weights of the dry fat-free tibia, tibia ash, and tibia calcium than similar diets with limestone. The incidence of TD in male chicks was also lower for CC-M-dicalcium phosphate diets than that of limestone-dicalcium phosphate diet (Table 6 ). These differences seem to be due more to the poor performance of the limestone-dicalcium phosphate-fed chicks than any special response from the CC-M-fed chicks. Chicks fed similar diets in Experiment 1 had better performance, as did those fed the calcium sources with sodium phosphate in Experiment 2. The ability of calcium intake to promote healthy skeleton involves the consideration of bioavailability of calcium from dietary supplemental source (Buchnowski and Miller, 1991; Weaver, 1992) as well as the capacity to absorb the calcium consumed (Heaney, 1988) . It has been shown by several reports that calcium from calcium citrate and CC-M are more bioavailable than the com- Values within a column with no common superscript differ significantly (P ≤ 0.05). monly used standard of calcium carbonate or limestone for other species (Miller et al., 1988; Andon et al., 1996) . Koshanowski (1990) also showed that CC-M improved skeletal development in young rats. Surprisingly, the data of our study does not show that CC-M in chicks was significantly more bioavailable for tibia ash and tibia calcium despite the increase in body weight gain. There were no significant slope differences (Table 7) . Solubility data of calcium citrate (a precursor for CC-M) in other studies showed that it is 10 times more soluble than calcium carbonate (Smith et al., 1987; Heaney et al., 1990; Andon et al., 1996) . Studies with humans also showed that calcium absorption and reten- tion from CC-M fortified food was significantly greater than food fortified with calcium carbonate (Miller et al., 1988; Andon et al., 1996) . The results of Experiments 1 and 2 demonstrate that the chick's capacity to absorb calcium was not maximized at 0.5 to 0.6% calcium. The lack of a significant slope difference (Table 7) suggests that the bioavailabilities of these particular samples of limestone and CC-M were very similar. The differences in the incidence of TD, tibia ash, and tibia calcium of the two experiments may be attributed to the sex of the chicks used. It has been shown that male chicks were more susceptible to the development of TD (Riddell, 1976; Edwards, 1984) . The results of this Values within a column with no common superscript differ significantly (P ≤ 0.05).
1
Means and standard error are based on four pens of eight chicks each per treatment.
2
Percentage of birds scored as 3 (large mass of cartilage in the proximal end of the tibiotarsus). study also show that male chicks fed marginal levels of calcium will have a significantly higher incidence and severity of TD.
In conclusion, by using all the criteria measured here, it was demonstrated that CC-M is a good source of calcium for young growing chicks. Furthermore, it has been shown that growth rate and feed efficiency are greater for young chicks fed CC-M as a calcium supplement. The specific reason for this increase in growth needs to be investigated. Therefore, the only limiting factor on the use of calcium citrate-malate in young broiler chick diets is the price, which is significantly higher than limestone. Longer-term studies could show if the increases in body weight are worth the higher cost of calcium citrate-malate.
